and diversity among crop wild relatives (CWR) is essential for the efficient use of available germplasm in breeding programs. In cranberries (Vaccinium macrocarpon Ait.), most cultivars share the same genetic background based on only a few wild selections. This limits the breeding pool for selection to support the cranberry industry. Therefore, we studied 36 wild populations of V. macrocarpon and V. oxycoccos L. across Wisconsin and Minnesota using 32 simple sequence repeat (SSR) markers. We found high levels of heterozygosity in both species, despite previous molecular markers studies revealing low genetic variation. In V. macrocarpon, a total of 294 alleles and moderate to high levels of heterozygosity (observed [H O ] = 0.51, total [H T ] = 0.66) were found. As expected for outcrossed polyploid species (4x), higher levels of heterozygosity (H O = 0.81, H T = 0.83) were found in V. oxycoccos than in V. macrocarpon. A comparison between wild V. macrocarpon with a group of cultivated and experimental hybrids found a distinct separation between both groups, suggesting there is diversity in the wild that needs to be explored and incorporated into breeding programs. The results of our studies are the first to explore in depth the genetic diversity of wild cranberry populations in the upper midwestern United States and provide novel information to support in situ conservation efforts to protect CWR of one of the few North American native crops. sweetening resistance in potato (Hamernik et al., 2009) , and traits influencing yield and quality such as in tomato (Solanum lycopersicum L.) (Tanksley et al., 1996; Brozynska et al., 2016; Zhang et al., 2017) . Therefore, exploring and understanding the genetic diversity of CWR of plants native to North America can help us prepare to face future agricultural challenges and help boost local production.
In the United States, very few species used for food production are native to North America, and even fewer have CWR in nature (Khoury et al., 2013) . The American cranberry (Vaccinium macrocarpon Ait.) is a diploid, woody perennial species native to North America with vast amounts of unexplored wild populations and wild relatives sharing overlapping ranges and environments (Darrow and Camp, 1945; Vander Kloet, 1988) . Cranberry domestication and cultivation began in the 1800s with several documented wild selections (Chandler and Demoranville, 1958; Dana, 1983; Eck, 1990) . Most cultivated cranberries share a similar genetic background; in fact, all hybrid cultivars released in the history of cranberry breeding have been derived from 'Early Black', 'Howes', 'McFarlin', and 'Searles' (the "Big Four") and a few other native selections (Eck 1990) .
Vaccinium oxycoccos L. is mostly a tetraploid species, which grows as a small evergreen perennial vine that produces small overwintering berries that have a similar flavor profile to cranberries and exhibit a superior antioxidant profile (Vander Kloet, 1988; Jacquemart, 1997; Česonienė et al., 2011; Brown et al., 2012) . As one of the V. macrocarpon wild relatives in the continental United States, V. oxycoccos provides great potential for developing interspecific hybrids to transfer desirable traits into cranberry, such as tolerance or resistance to abiotic stressors. Because V. oxycoccos has a circumboreal distribution and is adapted to high latitudes and harsh winters (Areškevičiūtė et al., 2006) , the species could be an excellent source of cold hardiness genes, as is the case of other wild relatives to crops such as rice (Oryza sativa L.) (Shakiba et al., 2017) and potato (Hamernik et al., 2009) . Therefore, exploring, studying, and using wild cranberry diversity in breeding is crucial to the future of cranberry breeding and production. To meet emerging challenges, there is a need to identify and transfer needed traits into cultivated cranberries, as well as develop hybrids with novel traits (Vorsa et al., 2008) . In the United States, little has been done to analyze and understand the wild genetic diversity of native crops such as V. macrocarpon and V. oxycoccos. This study represents the most comprehensive analysis of wild populations of cranberries in Wisconsin and the first insight into the diversity present in Minnesota. Knowledge about the distribution of genetic diversity in the vastly unexplored wild populations in Wisconsin and Minnesota will allow us to identify valuable diversity pockets to collect, preserve, and use this germplasm in cranberry breeding programs.
MATERIALS AND METHODS

Plant Materials
Plant material of 572 samples of wild cranberries (putatively collected as V. macrocarpon or V. oxycoccos) was obtained from 36 locations across Wisconsin (22) and Minnesota (14) ( Table 1) . The locations visited were public lands, Department of Natural Resources State Natural Areas, State Scientific Areas, or Forest Service lands. Permits were obtained to sample and collect in locations in both states. Using satellite imagery in Google Earth Pro and data provided by the Department of Natural Resources of both states, we located potential collection sites. Prior to visiting the populations, satellite imagery was surveyed to define the area of collection to design the best strategy to sample the overall genetic diversity at each site while avoiding clones. In the sites, coordinates were logged per sample, cuttings of a single vine ?20 cm long were obtained, and samples were collected at least 5 m apart to ensure that plant tissue collected for each sample came from a single plant and/or genotype. Plant tissue was stored in a bag with wet towels, labeled, and kept in a cold bag. A total of 20 plants were collected by location when possible based on the geography and environmental conditions. Leaf material was then stored at −4°C for DNA extractions. Plant material from cultivated V. macrocarpon was obtained from the USDA-ARS, Vegetable Crop Research Unit, Cranberry Genetics and Genomics Laboratory at the University of Wisconsin-Madison. The germplasm collected in this study will be kept ex situ and housed in the USDA-ARS, Vegetable Crop Research Unit in Madison, WI, and selected accessions will be added to the National Clonal Germplasm Repository collection.
DNA Extraction
Genomic DNA extractions were performed using leaf tissue per a cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle 1987) modified in our laboratory to isolate highquality, clean DNA. A total of 10-20 mg of frozen tissue was ground by hand using liquid N and transferred to a 2.0-ml tube, and 700 ml of 2% CTAB extraction buffer (20 mM ethylenediaminetetraacetic acid [EDTA], 0.1 M Tris-HCl pH 8.0, 1.4 M NaCl, 2% CTAB) was added and mixed by inversion. The solution was then incubated at 65°C for 45 min. After incubation, 400 ml of a chloroform-isoamyl alcohol (24:1) solution was added to the tubes and gently mixed by inversion. Samples were then centrifuged for 5 min at 14,000 rpm, 500 ml of the supernatant was transferred to a fresh 1.5-ml tube containing 50 ml of 10% CTAB buffer, and the sample was mixed by inversion. A total of 750 ml of cold isopropanol (100%) was added, and then samples were incubated from 2-48 h at a temperature of −20°C. Samples were gently mixed by inversion and centrifuged at 14,000 rpm for 20 min. After centrifugation, the supernatant was discarded, and the resulting pellet was air dried for 5 min. The pellet was then washed with 700 ml of cold 70% ethanol to clean the DNA. The solution was then vortexed and centrifuged at 14,000 rpm for 4 min, the ethanol was discarded, and the pellet was air dried for 24 h. The DNA was then resuspended in 100 ml TE 10:1 buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0) plus 5 ml of ribonuclease (RNase 10 mg ml −1 ) in each tube and was incubated at 37°C for 2 h prior in multiple studies, and were the best markers among 697 SSRs tested across different cranberry samples and other Vaccinium species (Schlautman et al., 2015a (Schlautman et al., , 2015b (Schlautman et al., , 2017 (Schlautman et al., , 2018 Rodriguez-Bonilla et al., 2019) . Since all the markers used in this study were previously used in cranberry linkage mapping, the markers have been proven to segregate in a Mendelian fashion (Schlautman et al., 2015a (Schlautman et al., , 2015b (Schlautman et al., , 2017 (Schlautman et al., , 2018 . The 32 markers are evenly distributed across the cranberry genome, and at least two markers represent each of the 12 cultivated cranberry linkage groups. For the purpose of simplicity, SSR fragments will hereafter be referred to as alleles in V. oxycoccos. The multiplex panels were designed by developing SSR primer pairs. These pairs were clustered into combinations of one to three markers, considering nonoverlapping fragment (i.e., alleles) ranges and annealing temperatures based on previous studies (Georgi et al., 2012; Zhu et al., 2012; Schlautman et al., 2015a Schlautman et al., , 2015b Schlautman et al., , 2017 Schlautman et al., , 2018 Rodriguez-Bonilla et al., 2019) . To boost to storage at −20°C. The DNA was then quantified using a Nanodrop ND-1000 spectrophotometer. Samples were then diluted to 10 ng ml −1 with deionized distilled water for simple sequence repeat (SSR) amplifications.
SSR Markers and Multiplex PCR Conditions
A total of 32 markers (supplemental materials) previously designed and assessed for transferability between V. macrocarpon and V. oxycoccos were used in this study (Schlautman et al., 2015a (Schlautman et al., , 2015b Rodriguez-Bonilla et al., 2019) . Since we are amplifying the markers now in two closely related cranberry species, one of the disadvantages with SSRs is that if a polymorphism is obtained it may not necessarily be due to corresponding homologous chromosomes, particularly when working with polyploids, but due to nonspecific amplification of nonhomologous chromosomes. However, all the 32 markers used in this study have proven consistent, with clear amplification patterns the potential of our combinations and maximize resources for our fragment analysis, each reaction was combined with four polymerase chain reaction (PCR) multiplex reactions and a fluorescent dye (M13-FAM-, HEX-, NED-, or PETlabeled primers). The forward primers were designed with the M13 sequence (5-CACGTTGTAAAACGAC-3) for fluorescent labeling of PCR products (Schuelke 2000) , and the PIG sequence (5-GTTTCTT-3) was attached to the reverse primers to promote full adenylation of SSR fragments during PCR (Brownstein et al., 1996) . The development of primers with an attached M13 sequence and a fluorescently labeled M13 tail is more cost effective than using direct fluorescent primer labeling (Guichoux et al., 2011) . By not using this direct fluorescence, we created any marker combinations and indirectly label them with any fluorescence needed. The PCR contained 3.5 ml of 1´ Jumpstart RedTaq Ready Mix (Sigma), 1 ml of moleculargrade H 2 O, 2.0 ml of 10 ng ml −1 DNA, 0.5 ml of 5 mM forward primer, 0.5 ml of 50 mM reverse primer, and 0.5 ml of 0.5 mM M13-FAM, M13-HEX, M13-NED, and M13-PET primer. The 1.5 ml of forward and reverse primer was divided by the number of multiplexed SSRs (i.e., 1 ml or 0.75 ml of forward and reverse primer mix from each SSR were added when three or four markers were multiplexed together, respectively). Thermocycling conditions consisted of 94°C for 3 min; 33 cycles of 94°C 15 s, 55°C for 1 min, and 72°C for 2 min; 72°C for 30 min; and 4°C thereafter. The PCR products were visualized on a 1% agarose gel, and then 1-3 ml of multiplexed PCR product from each of the four M13 dyes were pooled using the DY632 ladder from BioVentures. A total of 25 ml in 1500 ml of formamide (Hi-Di Formamide from Life Technologies) were added per plate of 96 wells. The poolplexed mixture was sent to the University of Wisconsin-Madison Biotechnology Center DNA sequencing facility for fragment analysis using an ABI 3730 fluorescent sequencer (Applied Biosystems). Allele genotyping was performed using GeneMarker 2.63 (SoftGenetics).
Data Analysis
The allelic information obtained from the genotyping was formatted as a GenAlEx (Peakall and Smouse, 2012) input file. This file was then converted to a geneclone object to run in the R statistical software (R Core Team, 2018) package Population Genetics in R (poppr) (Kamvar et al., 2014) . Using poppr, we estimated the observed number of private alleles. For the principal component analysis (PCA), the packages ade4 (Dray and Dufour, 2007) and adegenet ( Jombart, 2008) were used based on the missing allele replacement method, which replaces missing data with the mean allele frequencies. The package factoextra (Kassambara and Mundt, 2016 ) was used to visualize the PCA. The packages magrittr (Bache and Wickham, 2014) , pegas (Paradis, 2010) , and ape (Paradis et al., 2004) were also used to visualize the data. For the genetic distance-based principal coordinate analysis (PCoA), the package polysat was used to calculate a distance matrix based on Bruvo's genetic distance (Bruvo et al., 2004; Clark and Jasieniuk, 2011) , and package ggfortify (Tang et al., 2016) Jost differentiation (D_est), and inbreeding coefficient (G is ) were obtained from the software GenoDive (Meirmans and Van Tienderen, 2004) . For the dendrograms, the R stats package (R Core Team, 2018) was used to obtain Euclidean genetic distance and clustering. The dendrograms were then visualized using the packages dendextend (Galili, 2015) and circlize (Gu et al., 2014) .
RESULTS
Genetic Relationships of Wild Populations of Cranberries
Vaccinium macrocarpon and V. oxycoccos are sympatric and can occur at the same time in the same space (Vander Kloet 1983) . Therefore, we found nine populations in which both species were present throughout our sampling. Although all samples were putatively classified into species in the field based on leaf morphology, we determined species membership, as V. macrocarpon and as V. oxycoccos, using genetic relationships based on 32 SSR markers. A dendrogram based on Euclidean genetic distance was constructed ( Figure 1A) , and we observed a clear differentiation between samples identified as V. macrocarpon and samples identified as V. oxycoccos. To further confirm our results, we performed a PCA and again observed a clear differentiation between the two species. Using these results, we divided our data into two main groups (V. macrocarpon and V. oxycoccos individuals) to further study and obtain diversity statistics by species.
Overall Genetic Diversity of Wild Cranberries
When comparing the two species ( 
Genetic Diversity in Wild Vaccinium macrocarpon
In V. macrocarpon, the total number of alleles was 284. All the markers were polymorphic, and the number of alleles per locus ranged from 2-18 with a mean value of 8.87 ( Fig. 2A) . The observed heterozygosity per locus ranged from 0.08-0.97 with a mean value of 0.51 (Fig. 2B) . The total heterozygosity per locus values ranged from 0.08-0.89 with a mean value of 0.64 (Fig. 2C) . The inbreeding spread of the individuals as suggested by the levels of heterozygosity in Table 3 .
Genetic Diversity in Wild Vaccinium oxycoccos
In V. oxycoccos, the total number of alleles was 902. All the markers were polymorphic, and the number of alleles per locus ranged from 3 to 56 with a mean value of 28.18 (Fig. 4A ). The observed heterozygosity (H O ) per locus ranged from 0.41-0.98 with a mean value of 0.81 (Fig. 4B ). The total heterozygosity (HT) values ranged from 0.45-0.95 with a mean value of 0.83 (Fig. 4C ). The inbreeding coefficient (G is ) ranged from −0.34-0.40 with a mean value of 0.08 (Fig. 4D ).
per locus coefficient ranged from −0.42-0.60 with a mean value of −0.01 (Fig. 2D) . The values of heterozygosity within populations per locus ranged from 0.05-0.77 and a mean value of 0.50 (data not shown). The populations with the highest levels of genetic diversity were FRLK, GYPL, and PMW with values of 0.58 (Table 3) . A PCoA based on Bruvo genetic distance (Fig. 3 ) showed a clear separation between V. macrocarpon individuals from Minnesota (blue) and Wisconsin (red), with Principal Component 1 (PC1) explaining 3.22% and Principal Component 2 (PC2) explaining 2.34% of the variation. In both populations, we saw a wide genetic The values of heterozygosity within populations ranged from 0.48-0.94 and had a mean value of 0.81 (data not shown). When looking at the genetic diversity by population in V. oxycoccos, most populations exhibited very high levels of genetic diversity, averaging 0.80, when compared with V. macrocarpon (Table 4 ). In the PCoA of V. oxycoccos accessions (Fig. 5) , we observed some spatial separation by state, although V. oxycoccos showed less differentiation than V. macrocarpon. Principal Component 1 explained 2.76% of the variation, whereas PC2 explained 2.24%.
Comparing the Relatedness between Wild vs. Cultivated Vaccinium macrocarpon
When examining the diversity present in the wild V. macrocarpon population samples in Wisconsin and Minnesota vs. a collection of cultivars and wild selections from the United States, we found high levels of heterozygosity and mean allele numbers (Table 5 ). We found higher levels of observed heterozygosity and lower inbreeding index for wild populations (H O = 0.99, G is = −0.31) than for cultivated cranberries (H O = 0.69, G is = 0.15). Although cultivated accessions had a higher number of alleles than the wild accessions overall, the majority of these alleles were fixed for the cultivated accessions, whereas the wild accessions had higher heterozygosity and lower inbreeding coefficient.
We performed a PCA using eight SSR markers to compare existing cranberry cultivars and breeding selections diversity with wild V. macrocarpon diversity identified in the current study, with PC 1 explaining 13.7% and PC 2 explaining 7.6% of the variation (Fig. 6 ). We observed a clear differentiation between our Wisconsin and Minnesota wild accessions and the cultivated accessions, which includes all the major cultivars, wild accessions (mostly eastern wild germplasm), and breeding selections (Fajardo et al., 2013; Zalapa et al., 2015; Schlautman et al., 2018) (Fig. 6 ). In the PCA, we observed higher heterozygosity and more differentiation and spread in the Wisconsin and Minnesota wild accessions than in the cultivated samples.
DISCUSSION
Although cranberry is a perennial fruit crop of great importance with economic and human health benefits, breeding has been hampered by the narrow phenotypic and genetic diversity of cultivars and breeding materials (Diaz-Garcia et al., 2019) . Since the majority of cultivars used in breeding were developed from a few native selections more than half a century ago, there is great need to incorporate new traits to enhance current materials (Eck 1990 ). Because of this, we studied several unexplored wild cranberry populations in Wisconsin and Minnesota to understand the genetic diversity to increase the availability of germplasm for cranberry breeding programs.
Overview of the Genetic Relationship and Diversity of Wild Vaccinium macrocarpon and Vaccinium oxycoccos Populations in Wisconsin and Minnesota
Vaccinium macrocarpon and V. oxycoccos share many morphological traits, which makes identification in the field challenging. Therefore, we designated field cuttings to each of the species, V. macrocarpon and V. oxycoccos, based on leaf size and shape (Smith et al., 2015) and then corroborated these classifications using genetic information based on 32 SSR markers. We constructed a Euclidean distance-based dendrogram and a PCA of all the accessions collected ( Fig. 1A-1B) . In both, we clearly saw a differentiation between the two species. This clear differentiation between V. macrocarpon and V. oxycoccos has been previously reported using amplified fragment length polymorphisms (AFLPs) (Smith et al., 2015) and SSRs . The striking differentiation among the two species could be due to their different, but interconnected, evolutionary histories, where V. macrocarpon could be an ancestral diploid species, while V. oxycoccos is a more recently derived, mostly allotetraploid species (Smith et al., 2015; Diaz-Garcia et al., 2019) . We looked at the number of private alleles present in both species and found that V. oxycoccos had more private alleles (598) than V. macrocarpon with only 25. The high number of private alleles in V. oxycoccos could be explained by its putative allopolyploid origin resulting from the hybridization of the two know ancestral species, V. macrocarpon and V. microcarpum (Turcz. ex Rupr.) Schmalh, or from the polyploidization with a third species that could now be extinct (Darrow and Camp 1945; Diaz-Garcia et al., 2019) . The involvement of V. macrocarpon in the speciation of V. oxycoccos is further suggested by the number of private alleles present when compared with V. oxycoccos. Similar results were observed in a study using allozymes, in which they found that V. oxycoccos shared predominant alleles with V. macrocarpon (Mahy et al., 2000) (Table 2 ).
In terms of overall genetic diversity for both species, we observed that V. oxycoccos, as expected due to its polyploid (4´) and outcrossing nature, was highly diverse with high heterozygosity (H O , H T , and H S ) levels. Such high levels of heterozygosity have been observed in other crops such as sweet potato and cassava (Manihot esculenta Crantz) (Fregene et al., 2003; Rodriguez-Bonilla et al., 2014) . Vaccinium macrocarpon populations were quite heterozygous for a diploid plant that can self-pollinate and reproduce (Bruederle et al., 1996) . Despite being highly heterozygous, V. macrocarpon (H O = 0.5) exhibited lower levels of heterozygosity than V. oxycoccos (H O = 0.8). The high diversity observed in wild populations of cranberries may be the result of different mechanisms that allow cranberries to maintain and enrich their genetic diversity. Cranberries provide pollen and nectar to pollinators such as bumblebees, which are able to transfer the pollen between cranberry flowers. This pollen movement maintains gene flow between populations and can introduce new genetic variation (Liu et al., 2015) . Aside from pollinators potentially increasing diversity in undisrupted natural areas, open spaces are inviting for bird species such as cranes as well as other animals. These animals that consume wild cranberry fruits and then move or migrate to other locations can disperse the cranberry seeds (Barzen et al., 2018) . Cranberries are also often found near large and interconnected bodies of water, and when fruit become detached from a cranberry plant, they float due to their locular cavities and may travel long distances, which can result in chance seedlings increasing migration and diversity among populations.
Vaccinium macrocarpon Genetic Diversity
Based on our results, we found that V. macrocarpon is more diverse than previously thought by Bruederle et al. (1996) and Stewart and Excoffier (1996) . We found high numbers of alleles per locus ranging from 2-18 ( Fig. 2A) , whereas other researchers found one to two alleles per locus using random amplified polymorphic DNA (RAPD) markers (Novy and Vorsa, 1995; Stewart and Excoffier, 1996) and allozymes (Mahy et al., 2000) . These results could be explained by the large number of hypervariable and codominant SSR markers used, as well as the large number of samples collected in this study. When looking at the data by population, we also found that most populations were moderately to highly diverse, and diversity levels and alleles per loci were comparable with those of the six Wisconsin wild populations described by . Previous research in wild cranberries suggested that the low levels of heterozygosity and diversity could be explained by self-pollination and inbreeding, especially after several inbreeding cycles (Bruederle et al., 1996; Zalapa et al., 2015) . However, our results indicate that wild populations of V. macrocarpon likely outcross, leading to moderate to high levels of heterozygosity (Table 2) . This can be further confirmed by the low levels of inbreeding observed suggested by the G is values (−0.49-0.07) ( Table 3) . The low levels of heterozygosity observed in some populations could be due to sampling bias, long-term evolutionary forces, and recent environmental events. For example, Stewart and Excoffier (1996) and Bruederle et al. (1996) believed a genetic bottleneck during the Pleistocene glaciation accounted for the low levels of diversity found in the wild populations of V. macrocarpon they studied. Additionally, low levels of diversity could be the result of recent events, including environmental changes due to agriculture, urbanization, and other anthropogenic activities. For example, the declining number and quality of pollinators in an area due to human activity, such as a nearby construction or a major road disrupting an area, has had an effect in other plant species, such as lower fruit set in Halimium halimifolium (L.) Willk. (Suárez-Esteban et al., 2014) . Previous studies that found low levels of genetic variation in wild populations of cranberry were surprised by their low diversity results (Stewart and Excoffier, 1996; Bruederle et al., 1996) . Although V. macrocarpon can self-pollinate and can resist some levels of inbreeding, inbreeding in cranberry often results in low fertility rates and inbreeding depression, signaling that cranberry is mostly an outcrossing species (Bruederle et al., 1996) . Therefore, as demonstrated by our results, natural cranberry genetic variation is much higher than observed in previous studies (Bruederle et al., 1996) . We suggest that such diversity was not detected in previous studies mostly due to the use of molecular markers with low power and clonal sampling complications (Stewart and Excoffier, 1996; Mahy et al., 2000) .
In the Bruvo genetic distance PCoA (Fig. 3) , we observed that most individuals grouped together based on geographical location (Minnesota vs. Wisconsin). We observed some minor clustering among some individuals in some populations that could be explained by the low fixation indices (0.2-0.3) in those populations, indicating inbreeding. We also observed low variance explaining the PCoA clustering; these results are consistent with multiple population genetic studies that found similarly low levels of explained variance, as genetic matrices are highly dimensional (Patterson et al., 2006) 
Vaccinium oxycoccos Genetic Diversity
Vaccinium oxycoccos is one of the wild relatives of cranberry, which is one of the few crops native to North America. Therefore, V. oxycoccos may be a source of genotypic traits useful for the development of new breeding lines for cranberry production. As demonstrated in Table 2 by the high number of alleles per locus (28), high levels of heterozygosity (0.8), and low levels of inbreeding (0.00), the studied wild V. oxycoccos Minnesota and Wisconsin populations were highly diverse. As mentioned before, the polyploidization of multiple species and the outcrossing nature of V. oxycoccos has been crucial to maintain and enrich the genetic diversity of the species (Darrow and Camp 1945; Diaz-Garcia et al., 2019) . Mahy et al. (2000) analyzed the genetic diversity of V. macrocarpon and V. oxycoccos populations using allozymes and observed that, for several loci, V. oxycoccos exhibited higher levels of heterozygosity (i.e., 0.5-0.6) than V. macrocarpon. Our study is the first to use codominant SSR markers to investigate diversity of the species using multiple populations. The previous study only used one population consisting of 31 individuals to test cross-amplification of eight SSR markers and differentiation of the two species, but diversity statistics were not given besides similar number of alleles per locus and total number of alleles . Diversity statistics were comparable with those in other polyploids species such as sweetpotato [Ipomoea batatas (L.) Lam.] (Rodriguez-Bonilla et al., 2014) and cassava (Fregene et al., 2003) . Česonienė et al. (2013) analyzed the genetic diversity of V. oxycoccos clones in Lithuanian reserves using RAPD markers on two populations and found considerable levels of genetic diversity, suggesting that V. oxycoccos could be a promising crop for cultivation in different locations across central Europe. This study also demonstrates that there could be invaluable resources for breeding in wild locations such as the ones surveyed in this study. In the Bruvo genetic distance PCoA for V. oxycoccos, we observed a closer relationship among V. oxycoccos individuals than in V. macrocarpon (Fig. 5 ). This could be explained by the colonization history of cranberry. It has long been believed that most wild cranberry populations resulted from a bottleneck that occurred in the Pleistocene and that they eventually populated receding glacial areas (Stewart et al., 1995) . More extensive sampling of new locations-for example, in the Driftless Area of Wisconsin-should be performed to investigate the possibility of a bottleneck and possible colonization and cranberry spread (Stewart et al., 1995) .
Comparing the Relatedness between Wild and Cultivated Vaccinium macrocarpon
Most cranberry cultivars today come from eastern wild selections made decades ago. Therefore, most cultivars share the same genetic background (Eck, 1990) . A survey published by Gallardo et al. (2018) identifies the needs and goals for cranberry breeding. Breeding needs vary considerably by growing location, but some of the most salient needs across locations include disease resistance and fruit quality, including anthocyanin content, fruit size, and flavor due to acid and sugar content. Additionally, in contrast with other cranberry growing regions, Wisconsin, which is the most important cranberry producer in the world with 8093.71 ha (20,000 acres) from a total of 20,234.282 ha (50,000 acres) worldwide, faces pests such as the cranberry fruit worm (Acrobasis vaccinii). Also, temperature challenges in terms of extreme summer heat and winter cold, as well as fluctuating winter temperatures, are leading to permanent frost risk (Dana, 1983; Roper and Vorsa, 1997) .
Because of these needs, we assessed how much of the diversity present in our wild populations has been harnessed for breeding and cultivar development. Zalapa et al. (2015) used 12 SSR markers and observed that there were considerable levels of genetic diversity present in Wisconsin wild populations compared with cultivars based on the number of private and unique alleles, as well as levels of observed heterozygosity. In our study, we compared 139 wild accessions collected in Wisconsin and Minnesota, with 195 cultivated cranberries including wild and breeding selections originating mostly from eastern US states such as Massachusetts and New Jersey (Fajardo et al., 2013; Zalapa et al., 2015; Schlautman et al., 2018) . We found higher levels of observed heterozygosity in wild populations than in cultivars and breeding selections. As expected, we observed lower levels of inbreeding in wild populations than in cultivars. In the wild, cranberries are mostly outcrossing, which is not the case of plants used in breeding programs (Fajardo et al., 2013; Zalapa et al., 2015) . As selection cycles occur, more genetic diversity is lost, as has been the case in many crops, such as maize (Zea mays L.) (Whitt et al., 2002) .
To further compare between cultivated breeding materials and wild V. macrocarpon accessions, we performed a PCA in which we observed a clear separation between species on PC1 (Fig. 6 ). Most cranberry wild selections were from eastern germplasm, and a few have been bred to create a narrow genetic pool in the current hybrid cultivars. The reduction of diversity is an inevitable consequence of developing cultivars adapted to homogenous production environment . The wild populations, as mentioned above, are naturally outcrossing in an open environment that allows for chance seedlings, and not in a homogeneous environment such as a cranberry bed. These results, as well as the levels of heterozygosity, highlight how little of the present diversity is currently being used in cranberry breeding.
Development of an In Vitro Cranberry Collection
Conservation of plants in the field or greenhouse condition presents formidable challenges, many times resulting in the loss of plant genetic resources conserved (Engelmann, 2011). Therefore, using tissue culture techniques is of great use to propagate and conserve germplasm (Lloyd and McCown, 1980; Engelmann, 1991) . We successfully introduced to tissue culture (McCown and Zeldin, 2005) a total of 359 genetically unique genotypes from our collection sites in Wisconsin and Minnesota. At least two to three copies per genotype have been kept as backup for a total of 1305 plants. The unique genotypes from vastly unexplored cranberry regions of Wisconsin and Minnesota will be available for breeding in the USDA-ARS, Vegetable Crop Research Unit in Madison, WI, Cranberry Genetics and Genomics Laboratory. Additionally, selected accessions will be added to the National Clonal Germplasm Repository collection.
CONCLUSIONS
In this study, we used a set of markers capable of distinguishing between V. macrocarpon and V. oxycoccos. We demonstrated the presence of untapped and previously undiscovered cranberry diversity in natural areas in the states of Wisconsin and Minnesota. The plant material used in this study was also composed of cranberry CWR (V. oxycoccos), which may possess genotypic traits useful for the development of new breeding lines for cranberry production. Particularly, since all of these populations were sampled in Minnesota and Wisconsin, they might possess unique adaptations to the largest cranberry production area in the world, central Wisconsin. Due to the lack of exploration, Wisconsin growers have been forced to use cranberry cultivars developed for other growing areas. Therefore, the challenges faced by growers in our state are unique and include intense frost risk and cranberry fruit worm, among others. This study demonstrates the vast diversity and range of cranberry populations in two mostly unexplored and underutilized midwestern US states. We believe that there could be many other states that possess wild areas with unique and unexplored populations that could be excellent targets not only to establish a germplasm collection, but also for characterization.
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